Growth, respiratory activity and the ability to accumulate D-glucosamine were examined in three psychrophilic and three related mesophilic micro-organisms at temperatures between 0" and 20". Each of the psychrophils (strains of Arthrobacter, Candida and Corynebacterium erythrogenes) grew well at 0' and also respired exogenous glucose and accumulated glucosamine a t this temperature. The minimum temperatures for growth (5-
INTRODUCTION
Many micro-organisms fail to multiply when incubated at temperatures below 5-10'. These organisms have been described as mesophilic to distinguish them from psychrophilic micro-organisms which grow well at temperatures as low as, and sometimes lower than, 0". The biochemical factors which determine the minimum temperatures for the growth of micro-organisms have only recently been explored although the problem was stated quite succinctly by Rahn many years ago when he observed that, since growth and respiration are chemical reactions, they should continue though at a greatly decreased rate until the medium in which the microorganisms are suspended freezes solid (Rahn, 1932) . Although this behaviour is found with psychrophilic micro-organisms, it is not characteristic of mesophils.
Ingraham (1958) compared the effect of incubation temperature on the generation times of a psychrophilic and a mesophilic bacterium, and showed that the psychrophi1 had a lower temperature characteristic (a value which is synonymous with p of the Arrhenius equation) as compared with the mesophil. This difference in temperature characteristic prompted Ingraham & Bailey (1959) to examine the effect of heat on the activities of glucose 6-phosphate-, isocitrate-, and malatedehydrogenases in cell-free extracts of these bacteria, to discover whether the enzymes in the psychrophil had lower activation energies than the corresponding enzymes from the mesophil. It was found, however, that the activation energies were very similar if not identical for the enzymes examined. But, in other experiments, it was shown that the temperature coefficient (i.e. Qlo value) of glucose oxidation was less for the psychrophil than for the mesophil, and these findings led Ingraham & Bailey (1959) to suggest that the differences in temperature response between psychrophils and mesophils might be the result of differences in some aspect of the biochemical organization of the organisms rather than in the properties of individual enzymes. The first indication of an aspect of cell organization which might form the basis of the difference in response to near-zero temperatures came from a report by Baxter & Gibbons (1962). These workers compared the respiratory activities of a psychrophilic strain of Candida, a yeast, with a mesophilic strain of Candida ZipoZytica and found that the psychrophil respired endogenous reserves a t a greater rate than the mesophil at all temperatures up to 30" and that, although the psychrophil oxidized glucose a t an appreciable rate even at 0", virtually no exogenous substrate was oxidized by the mesophil a t temperatures below 5". Baxter & Gibbons suggested that the main factors determining the minimum temperature for growth of a micro-organism are the temperature characteristics of the mechanisms for transporting solutes into the organisms.
The present paper describes experiments on the effect of temperatures between 0" and 20" on the growth, respiratory activity and glucosamine-accumulating capacity of three psychrophilic and three related mesophilic micro-organisms. These experiments were done to assess the extent to which the temperature characteristics of the solute transport mechanisms determine the minimum temperatures for growth of these organisms. KH,PO,; pH 4-5) to give a concentration equivalent to 0.07-0.09 mg. dry wt./ml. With bacterialinocula, the organisms were suspended in 6 ml. 0.85 %(w/v) NaCl to give a concentration equivalent to 0.05-0.07 mg. dry wt./ml. The organisms in suspensions were washed twice with sterile buffer or saline and resuspended in a final 6 ml. portion. Each flask of sterile medium was inoculated with 0.8 ml. of washed suspension and each tube (6 ml.) with 0.05 ml. suspension. Growth of the organisms was measured turbidimetrically in Samco tubes with the Hilger ' Spekker ' absorptiometer (Model H 760) and neutral green-grey H 508 filters, and a medium blank. Turbidity readings were related to dry weight of organism by using a calibration curve for each organism. It was shown, with each of the organisms used in this study, that the temperature of incubation did not alter the relationship between the turbidity of the culture and the equivalent dry weight of organisms present or their deoxyribonucleic acid content as determined by the method described by Ahmad, Rose & Garg (1961) .
METHODS

Organisms
Cell suspensions. After growth had been measured, organisms were separated from culture fluid by centrifugation. Yeast crops were washed three times with phosphate buffer (pH 4.5) and bacteria with phosphate buffer (pH 7.0; Gomori, 1955) . During centrifugation and washing, the organisms were maintained a t the same temperature as that a t which they had been incubated.
Respirometry. Determinations of the rates of respiration of endogenous reserves ( Qo, end.) and of exogenous glucose ( Qo, glut.) a t different temperatures were made by the direct Warburg method (Umbreit, Burris & Stauffer, 1957) by using the Braun Warburg apparatus (Model V 8 5 ; B. Braun, Melsungen, West Germany) fitted with cooling coils. Each flask contained the equivalent of between 2 and 12 mg. dry-weight washed organism in 2.0 ml. of phosphate buffer (pH 4.5) with the yeasts or phosphate buffer (pH 7.0) with the bacteria. The centre well contained 0.2 ml. 20 yo (w/v) KOH and the side arm 0.3 ml. 10 yo (w/v) glucose or 0.3 ml.
water. Air was the gas phase. The QOzend. and QOzgluc. values are expressed as the number of pl. oxygen consumed/mg. dry wt. organism/hr at the temperature stated.
Measurement of glucosamine uptake. Transport of sugar into the micro-organisms was studied by measuring their capacity to accumulate D-glucosamine. It was possible to use this amino sugar since none of the organisms utilized it as a carbon or nitrogen source for growth. Portions of a suspension containing the equivalent of 40-50 mg. dry wt. organism were centrifuged at the appropriate temperature and the organisms resuspended in 15 ml. of phosphate buffer (pH 4.5 or 7.0) containing 1.2 yo (w/v) D-glucosamine HC1. Control suspensions were prepared in phosphate buffer lacking glucosamine. In certain experiments, 2,4-dinitrophenol (DNP ; mM) was included in the suspending buffer. The portions of buffer were equilibrated at the appropriate temperature before being used. The suspensions were placed in 50 ml. conical flasks and stirred with a magnetic stirrer for 2 hr a t a constant temperature, A portion (6 ml.) of each suspension was removed after 2 hr, and these portions were rapidly transferred to ice-cold tubes and centrifuged on a high-speed centrifuge at 0". The organisms in the pellets were washed three times with ice-cold water, and finally suspended in 3 ml. water and placed in a boiling water bath for 10 min. On cooling, the debris in the boiled suspensions was removed by centrifugation and, after being supplemented by washings from the debris, the supernatant fluid was made up to 5 ml. and assayed for glucosamine by the method of Rondle & Morgan (1955) . It is possible that some of the glucosamine transported into the organisms was phosphorylated, but Burger & Hejmova (1961) and Cirillo, Wilkins & Anton (1963) showed that this does not affect the chemical estimation of the sugar in extracts of the micro-organisms. The results are expressed as the number of pg. D-glucosamine accumulated/mg. dry-weight organism/hr a t the temperature stated.
RESULTS
Efect of incubation temperature on growth, respiration and glucosamine accumulation
Initially an examination was made of the effect of temperatures of incubation between 0" and 20' on growth of each of the six organisms and on their ability to respire endogenous reserves ( Qo, end.) and exogenous glucose (Qoz nluc.). The results (Fig. 1) showed that with all six organisms the values for QOzend. decreased as the temperature was lowered, but, at O', the value was finite and ranged from 0.5 for Corynebacterium xerosis to 4.7 for C . erythrogenes. Over the range 10' -ZOO, temperature coefficient ( Qlo) values for endogenous respiration were higher for the mesophils (ranging from 2.3 for Candida utilis to 3.2 for C. xerosis) than for the psychrophils (which ranged from 1.3 to 1.8). The values for Qo, glut. also decreased as the temperature was lowered. With each of the psychrophilic organisms, there was a detectable respiration of exogenous glucose at O", and the Qo,gluc. values a t this temperature ranged from 0.7 for Arthrobacter ~2 2 / 3~ to 3.2 for the psychrophilic Candida strain. But, with the three mesophilic organisms, there was negligible respiration of exogenous glucose at temperatures below about 5'. The temperature coefficient for the QOZgluc. values of the mesophils over the range 10-20' varied between 6.3 for C. utilis to 12.6 for Arthrobacter 16 but were much lower (between 1.5 and 2.7) for the psychrophils. These differences in the temperature coefficients of the Qo, values were therefore in general agreement with the data reported by Ingraham & Bailey (1959) . The rate of growth also declined as the temperature of incubation was lowered. All of the psychrophilic organisms grew well a t 0" but the minimum temperature for growth of the mesophils was higher. With C. utilis and
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Arthrobacter 16, the minimum temperature was approximately the same as that at which the Q , , glue. values approached zero. With C. xerosis, however, the minimum temperature for growth (about 20") was much higher than the temperature at which the Qo, glut. values for this organism fell to zero.
Arthrobacter 16 Temperature ( Temperature (")
Candida ~3 E-2
Corynebacterium erylhrogens NCMB 5
Temperature (") Temperature (") Fig. l(a) to (f). Effect of temperature of incubation on growth and on the respiration of endogenous reserves and of exogenous glucose by certain psychrophilic and mesophilic micro-organisms. Growth (0---0 ) at the different temperatures was measured at a time a t which cultures incubated at the optimum temperature for growth were in the late-exponential phase. Measurements of respiratory activity were made on organisms grown at the following temperatures which are a t or near the optimum for growth; psychrophils : (b) Arthrobacter R 22/3~, 20"; ( d ) Candida ~3 E-2, 10"; (f) Corynebacterium erythrogmes, 2 0 ' ; mesophils: (a) Arthrobacter 16, 3 0 ' ; ( c ) Candiduutilus, 2 5 ' ; ( e ) Corynebactm'urn zero& strain NCL, 80". When cultures a t these temperatures had reached the mid-exponential phase of growth, organisms were harvested and washed in phosphate buffer (pH 4.5 for the yeasts; p H 7-0 for the bacteria). During washing, the organisms were maintained a t the temperature a t which they had been incubated. Portions of the washed suspensions, containing known concentations of organisms (mg. dry wt. equivalent/ml.) were placed in Warburg flasks and the Qo, values (pl. oxygen consumed/ mg. dry wt. organism/hr) were determined as described under Methods for the respiration of endogenous reserves (0-0) and of exogenous glucose (@a).
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When an examination was made of the effect of temperatures between 0" and 20' on the capacity of each organism to accumulate glucosamine, it was found that this property was affected in the same way as the ability to respire exogenous glucose. This suggested that the inability of the mesophilic micro-organisms to respire exogenous glucose at temperatures below about 5" was a result of their not being able to transport sugars into the organisms at these temperatures. Portions of this suspension were centrifuged at room temperature and the supernatant fluids removed. The yeast pellet was then suspended in a volume of phosphate buffer, or of 2 % or 5 %, v/v, n-butanol in phosphate buffer, equal to that of the original portion of suspension. The suspensions were centrifuged immediately a t room temperature and the organisms resuspended in an equal volume of buffer. Portions of these suspensions were then placed in Warburg flasks and the respiratory activity of the organisms measured a t 5' as described in Methods. The correlation between the effect of low temperatures on the ability of the mesophilic strains of Arthrobacter and Candida to grow in freshly inoculated culture and their capacity to respire exogenous glucose and to accumulate glucosamine lent support to the hypothesis of Baxter & Gibbons (1962) that the minimum temperatures for growth of micro-organisms are determined by the temperatures at which the mechanisms for transporting solutes into the organisms are inactivated. Further evidence to support this hypothesis came from experiments in which Candida utilis was treated with aqueous butanol before measurements were made on its respiratory activity. Treatment with aqueous butanol (2-5 yo, v/v) breaks the osmotic barrier in micro-organisms and permits the free diffusion into organisms of solutes permeation of which normally requires the intervention of specific transport mechanisms (Mitchell & Moyle, 1956 ; Rose, 1963). When C. utilis was washed, rapidly suspended in 3% or 5 % (v/v) In-butanol in phosphate buffer (pH 4.5), centrifuged, resuspended in buffer and added to a Warburg vessel, there was a marked depression in the Qo2 end. values. However, when 2 % (v/v) n-butanol in phosphate buffer (pH 4.5) was used, the respiration of endogenous reserves by the yeast was much less affected, and the yeast respired glucose a t 5", a t which temperature there was no detectable respiration of exogenous glucose in untreated yeast (Table 1) .
Concentration of n-butanol in phosphate Respiratory activity buffer
Effect of inhibitors on sugar transport
Because of the observed differences in the effect of incubation temperature on the activity of the mechanisms for transporting sugars into mesophilic and psycho-philic micro-organisms, further experiments were made to discover any other differences in the properties of the sugar transport processes in these two groups of micro-organisms. 2,4-Dinitrophenol (DNP), which uncouples respiration and oxidative phosphorylation, has been shown to inhibit ' uphill' transport of many sugars into micro-organisms (Cirillo, 1961 ). An examination of the effect of DNP on respiration and on glucosamine accumulation by each of the six organisms showed that the QOzgluc. values and the ability of each organism to accumulate glucosamine were inhibited in the presence of DNP (mM). The extent of the inhibition varied with each organism but was not markedly different with the psychrophils as compared with the mesophils.
Uranyl ion, in the form of uranyl nitrate a t mM concentration, inhibits transport of sugars (Cochrane & Tull, 1958) and amino acids (Gale, 1954) into bacteria, yeasts and filamentous fungi. The ion, which is presumed to act by combining with phosphate groups on molecules in the cytoplasmic membrane, does not affect the respiration of endogenous reserves by micro-organisms. The effect of U02$ (miu) on the respiration of each of the six organisms was examined at several temperatures above and below the minimum for growth. Respiration of exogenous glucose was completely suppressed by UO' Z in all organisms but the ion had no detectable effect on the endogenous respiration at any of the temperatures employed.
The polyene antibiotic nystatin acts on yeasts and filamentous fungi and causes changes in the permeability properties of the cytoplasmic membranes (Marini, Arnow & Lampen, 1961) . The antibiotic acts by combining with sterols in the membrane (Lampen, Arnow, Borowska & Laskin, 1962) ; bacteria, which do not contain sterols, are therefore not sensitive to polyene antibiotics. Respiration of the mesophilic and psychrophilic strains of Candida was depressed by nystatin (Squibb 'Mycostatin ' ; 0.22 mg./ml. in dimethyl sulphoxide) a t temperatures above and below the minimum for growth. But the antibiotic was without effect on the respiratory activities of any of the bacteria a t temperatures above or below the minimum for growth.
Crowth, respiration and glucosamine accumulatiolz by Coryiaebacterium xerosis
at various temperatures The inability of two of the three mesophilic micro-organisms to respire exogenous glucose and accumulate glucosamine a t temperatures below the minimum for growth in freshly inoculated culture, suggested that inactivation of the sugar transport mechanisms occurred rapidly following the transfer of these organisms to temperatures between 10" and 0". On the other hand, the NCL strain of Corynebacterium xerosis, which was unable to grow in freshly inoculated culture at temperatures below about 20 O, respired exogenous glucose and accumulated glucosamine at temperatures as low as about 8' . This behaviour was not peculiar to the NCL strain of C. xerosis since two other strains of this bacterium (NCTC 7243, 9755) were shown to have minimum temperatures for growth of about 20' in defined medium and to behave similarly to the NCL strain with regard to the effect of temperature on their ability to respire endogenous reserves and exogenous glucose. Bergey 's Marzual (1957) reports that high minimum temperatures for growth are characteristic of C . xerosis. It was conceivable that this behaviour of C. xerosis was due to a comparatively slow inactivation of the sugar transport mechanisms at. Cultures of the C. emosis were grown at 30" and after 40 hr, when they had reached the mid-exponential phase of growth, certain of the cultures were transferred to 10'. There was no detectable growth of the cultures a t 10". At the time of transfer and after a further 24 and 48 hr, cultures were removed from 30' and 10' and the bacteria harvested by centrifugation, during which they were maintained at the temperature at which they had been incubated. The bacteria were then washed with phosphate buffer (pH 7.0) and portions of the washed suspension containing the equivalent of a known dry weight of bacteria were placed in Warburg flasks and the respiratory activity of the bacteria determined a t 30" or at 1 0 ' as described in Methods. The organisms in the remaining suspension were used to measure the glucosamine-accumulating capacity of the bacteria as described in Methods. temperatures below the minimum for growth ; experiments were therefore made to test this hypothesis. Cultures of the NCL strain of C . xerosis were grown a t 30' and, when the cultures reached the mid-exponential phase of growth (after 40 hr incubation) they were transferred to 10'. Bacteria in cultures transferred to this temperature did not multiply but continued to respire exogenous glucose and to accumulate glucosamine even after 48 hr at 10' (Table 2) . Although cultures of C. xerosis NCL transferred from 30" to 10" did not multiply a t the lower temperature, mid-exponential phase cultures of this bacterium transferred from 30' to 15" were capable of a limited amount of growth which corresponded approximately to a doubling in the size of the population (Fig. 2) . Bacteria transferred in the lateexponential phase of growth did not have this ability to grow at 15". The inability, or limited ability, of the bacterium to grow after transfer to a lower temperature was probably not caused by an increased nutritional demand by the bacteria at 10' or 15' since the same behaviour was observed in cultures grown in nutrient broth.
DISCUSSION
The minimum temperatures for growth of the mesophilic strains of Arthrobacter and Candida utilis examined in this study are probably determined, in part at least, by the inactivation of the mechanisms for transporting sugars into the organisms at temperatures between about 5" and 10'. All of the psychrophils, on the other hand, grew well a t 0' and continued to transport sugars into the organisms a t this temperature. Clearly the sugar transport mechanisms in these mesophils and psychrophils differ in their sensitivity to near-zero temperatures, but the results of experiments on the effect of metabolic inhibitors did not reveal any other differences between the transport mechanisms in the two groups of organisms. The similarity in the effect of 2,P-dinitrophenol on the sugar-accumulating capacity of the psychrophils and mesophils showed the need for metabolic energy for this process in both groups of organisms, while the sensitivity to uranyl ion indicated that the carrier molecules involved in the transport of sugars into both groups of organisms probably need to have phosphate groups free in order to function. The sensitivity of the mesophilic and psychrophilic Candida strains to the polyene antibiotic nystatin showed that sterols are present in the cytoplasmic membranes in both of the strains examined; by the same token, none of the psychrophilic or mesophilic bacteria would appear to contain sterols. The only previous report of a comparison of the properties of the sugar transport mechanisms in mesophilic and psychrophilic micro-organisms is by Cirilloet al. (1963) , who showed that, in mesophilic and psychrophilic strains of Candida, these had the properties of a carrier-mediated transport.
In view of the lack of knowledge about the chemical nature of the solute carriers in cytoplasmic membranes, it is difficult to suggest a biochemical basis for the difference in the response to low temperatures shown by the sugar transport processes in these mesophilic and psychrophilic organisms. Kates and his colleagues (Kates & Baxter, 1962; Kates & Hagen, 1964) reported that the triglycerides and phospholipids from certain psychrophilic micro-organisms differed in composition from those extracted from related mesophilic organisms particularly with regard to the degree of saturation in the fatty acids and suggested that these differences in composition may be in components of the solute transport mechanisms (Baxter & Gibbons, 1962) . However, there is little evidence for the participation of triglycerides or phospholipids in transport processes in micro-organisms, and it is more likely that the carrier molecules are composed mainly, if not entirely, of proteins (Cohen & Monod, 1957) which undergo conformational changes while effecting the transport of solutes. It is conceivable, therefore, that the protein carriers in mesophils become hyperfolded at low temperatures and are then unable to combine with the solute. Very little is known about the hyperfolding of proteins a t low temperatures (Linderstr~m-Lang & Schellman, 1959) although the phenomenon has been invoked to explain the inactivation of certain enzymes at temperatures just above and below 0" (Kavanau, 1950; Maier, Tappel & Volman, 1955) .
It is clear however that, in the strains of Corynebacterium xerosis examined here, the minimum temperature for growth is not determined by the temperature at which the sugar transport processes in these organisms are inactivated, since these bacteria accumulated sugars a t temperatures well below the minimum for growth. A t present, it is only possible to speculate regarding the factors that determine the minimum temperatures for growth of these bacteria. One possible explanation is that, a t temperatures below about 20°, they are unable to synthesize one or more compounds (e.g. nucleotides) that are essential for growth, but that, when transferred down from 30" to 15" in the mid-exponential phase, they are capable of a limited amount of growth at the expense of the stored reserves of these compounds. But the bacteria are unable to grow on being transferred down to lo", and it is possible that, at this temperature, they are not able to use these stored reserves. Clearly, the biochemical basis of the minimum temperature for growth of C . xerosis is complex and probably involves the operation of a number of different factors. It is conceivable that one of the factors involved is a repression of enzyme synthesis which Ingraham and his colleagues (Ng, Ingraham & Marr, 1962; Marr, Ingraham & Squires, 1964) have demonstrated at low temperatures in Escherichia coli. It would also be interesting to discover to what extent the type of biochemical behaviour observed in C . xerosis at low temperatures is found in other micro-organisms. This work was supported by a grant from the Department of Scientific and Industrial Research for which we are grateful. We also wish to acknowledge the excellent technical assistance of Miss Judith Hall.
